不完全循環湖水月湖の湖沼学的様相　:　その環境条件と物質代謝 by 松山 通郎
Bull. Fac. Fish. Nagasaki Univ., No. 44,  1  —66 (1978) 1
  Limnological Aspects of Meromictic Lake Suigetsu: 
Its Environmental Conditions and Biological  Metabolisni
Michiro MATSUYAMA
                            CONTENTS 
 PAGE 
(A) Introduction   1 
(B) Previous studies of Lake Suigetsu and adjacent lakes   6 
(C) Methods   8 
  (1) Sampling procedures   8 
  (2) Analytical procedures  9 
(D) General description of area under study   10 
 (1) Morphology   11 
 (2) Climate   13 
 (E) Environmental features of Lake Suigetsu and adjacent lakes   13 
   (1) Water temperature and chlorinity   14 
  (2) Density and stability   19 
 (3) Meromixis   21 
  (4) Vertical water motion   23 
     (5) Vertical distribution of dissolved oxygen, sulfide and oxygen consumption 
  in the chemocline   26 
(F) Chemical and biological features of Lake Suigetsu  31 
     (1) Vertical distribution of nitrogen, phosphorus, total carbon dioxide and sulfate   31
   (1) Assimilation rate of inorganic carbon  33 
   (3) Particulate matter in lake water   37 
   (4) Bacterial sulfate reduction   39 
(G) Chemical substances in sediment of Lake Suigetsu  43 
   (1) Water content and loss on ignition   43 
  (2) Iron and manganese  43 
     (3) Boron content in sediment and chlorinity of interstitial water in sediment   43
   (4) Various sulfur compounds in sediment   45 
   Biological carbon and sulfur cycles in Lake Suigetsu   47 
(I) Summary and conclusions   56 
 (J) Acknowledgments  58 
 (K) References   59  
(  A  ) INTRODUCTION Many classical studies have been made on 
  The limnological features of meromictic the physical, chemical and biological features 
lakes are of great interest, because of charac- of meromictic lakes. Hutchinson (1937) studied 
teristic conditions such as a prolonged stag- the desert lakes in the Lahontan Basin in 
nation of deeper water below the  chemocline** , Nevada and defined as meromictic a lake in 
oxygen deficit and the presence of a noticeable which some water remains partly or wholly 
amount of  sulfide***. unmixed with the main water mass at the time 
   * This paper is part of a D. Sc. thesis presented to the Faculty of the Graduate School of Nagoya 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































depth 8June　20 July　23 May
（m） 1964 1966 1967
0 25．0 28．1 22．0
1 24．4 27．6 21．6
2 23．4 27．5 21．4
3 23．1 25．2 21．2
4 21．8 24．2 20．3
5 19．3 22．4 18．0
6 16．4 20．7 ！7．0
7 14．4 18．5 15．2
8 13．4 16．0 14．0
9 13．6 14．7 14．2
10 13．8 14．2 14．5
11 14．0 14．2 15．0
12 14．1 14．4 15．3














































































































































































































































































































































































































































depth 11Nov． 18Aug。 20July 220ct．　24 Aug． 7March　26 May　29 Feb．　10 Aug．
（m） 1927 1932 1934 1934 1936 1936 1937 1952 1952
0 16．73 17．96 5．40 7．22 9．22 1．77 6．86 5．48 4．51
1 7．57 14．92 2．02 15．67 14．18 ll．39
2 14．67 16．93 4．14 15．67 16．25
3 15．62 17．32 ！3．70 16．27 16．15 16．82
4 16ユ2 17．57 ！5．27 16．33 17．21
5 16．82 17．54 16．24 17．23 15．99 16．91 16．55 17．36
8 17ユ5 16．82 17．41
10 17．02 17．78 17．30 17．66 16．76 17ユ7 16．87 17．30
15 17．12 17．77 17．69 17．76 17．02 17．25 17．05 1735
20 17．12 17．61 17．80 17．70 17．66 17．36 17．37 17．11 17．37
25 16．97 17．80 17．78 17．73 17．73 17．76 17．22 17．37
30 17．07 17．56 17．77 17．55 17．81 17．78 17．63 17．40 17．40
35 17．07 17．60 17．77 17．64 ！7．73 17．70 17．54 17．47
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7 0．36 2．9 0．12
8 0．97 4．1 0．24
10 0．46 18．4 0．03
15 1．9 35．6 0．05
20 3．4 46．0 0．07
25 4．8 51．1 0．09
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(  I  ) SUMMARY AND CONCLUSIONS
  The purpose of the present study is to 
examine the limnological aspects of a mero-
mictic lake, Suigetsu, with special reference to 
its environmental conditions and biological 
metabolism. 
  Lake Suigetsu (surface area: 5.1 km2; maxi-
mum depth: 34 m) is located in the center of the 
Mikata Lake Group, Fukui Prefecture and has 
connections with three other lakes. Meromixis 
of Lake Suigetsu is due to the entry of two 
different types of water: saline water which 
intermittently intrudes from the coastal poly-
haline lakes and occupies the deeper part of the 
lake, and freshwater which comes down from 
Lake Mikata to form an upper, less saline 
water layer. 
  The present study is mainly concerned with 
the following three points.  
(  1  ) Changes in meromictic conditions of 
Lake Suigetsu for the last fifty years, as viewed 
from literature on Lake Suigetsu and adjacent 
lakes. 
 ( 2 ) The biological metabolism of Lake 
 suigetsu, which is mainly related to the produc-
tion and decomposition process of organic 
matter, discussed on the basis of chemical and 
biological data obtained from Lake Suigetsu 
and adjacent lakes during 1964 and 1966. 
 ( 3 ) Changes in limnological features of 
Lake Suigetsu in the past based on chemical 
analyses of the bottom sediment of about 1 m 
length. 
  The following conclusions can be drawn 
from the present study.
(  a  )  M EROMIXIS 
  Data on the vertical distribution of chlo-
rinity in Lake Suigetsu before 1934 (until that 
time, the lake was connected only with Lake 
Kugushi, one of two coastal lakes) shows that 
the lake reached an equilibrium state in which 
partial erosion of the deeper saline water layer 
by flushing with inflowing freshwater was
always compensated by the reflux of an equal 
amount of saline water from Lake Kugushi 
which occurred during late spring and early 
autumn. The halocline delimiting between 
the upper less saline and deeper saline water 
layers was lying between 10 — 20 m and total 
chloride content of the lake was between 
120  — 200 ×  103 tons. The completion of the 
Saga Tunnel in 1934, which connects Lake 
Suigetsu and another coastal lake, Hiruga, 
resulted in a considerable change in the 
meromictic condition due to a large reflux of 
saline water. But presently Lake Suigetsu has 
reached a new equilibrium state; total chloride 
content is within the range of  470  —620  ×  103 
tons and the halocline remains at the depth of 
 5-8  m. 
  Meromictic stability, which is defined as the 
minimum amount of work necessary to mix the 
entire water body to uniform vertical density, 
is estimated as about 12000 g- cm  cm-2 for Lake 
Suigetsu. This value is remarkably high 
compared with other meromictic lakes. Only a 
limited number of lakes, which are mostly 
located in desert regions and contain noticeable 
amounts of salt, exceed the value. Vertical 
water motion is greatly limited and a seasonal 
fluctuation in temperature is restricted to the 
upper layer. The deeper water keeps a tempe-
rature of about  15ºC throughout the year. The 
annual heat budget of the lake is as small as 
about 17000 g cal  cm-2, being comparable with 
lakes in polar or subtropical regions. Dissolved 
oxygen is not present at the halocline depth of 
 7  —8 m and deeper water contains a noticeable 
amount of sulfide, attaining a maximum of 
about 60 mg S/liter at 30 m depth.
 ( b ) -1 BACTERIAL SULFATE REDUCTION 
  An experiment to measure the bacterial 
sulfate reduction in the lake using  35S-SO4-
revealed that bacterial sulfate reduction took 
place entirely on the surface of the bottom 
sediment at the rate of about 0.6 g S  m-2  day-1. 
  Owing to the bacterial action some part of
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sulfate in deeper water has been reduced and 
removed from the water. Amount of reduced 
sulfate can be directly obtained from the 
difference between the initially contained 
sulfate, which can be calculated from chlo-
rinity, and the actually present sulfate. Re-
duced sulfate tends to increase downwards in 
the deeper water, and a half of the initially 
contained sulfate has been removed near the 
bottom. But the actually present sulfide in the 
deeper water is only 30 % of reduced sulfate. 
The remainder seems to have been deposited 
on the bottom; this is probably associated with 
falling matter of a terrestrial origin. 
  The following quantitative relation can be 
found between reduced sulfate and accumu-
lating inorganic nutrients in the deeper warer: 
   red  SO4- : CO2 :  NH4  = 1.00 : 2.78 : 0.32 
                      (in molar ratio) 
This relation agrees well with those in the 
deeper anoxic waters of Lake Nitinat, a fjord 
on Vancouver Island, and of the Black Sea, 
although these relations are based on actually 
present sulfide rather than on reduced sulfate. 
This fact indicates that removal of sulfide from 
water due to sedimentation with falling matter 
may be significant in Lake Suigetsu compared 
with the above waters. The  red SO4-:CO2 ratio 
in the deeper water of Lake Suigetsu is not 
significantly different from the stoichiometric 
relations of H2S : CO2 evolved in the course of 
organic matter decomposition by Desulfovibrio 
 desulfuricans in vitro reported by various 
investigators. So it is suggested that the 
bacterial sulfate reduction may play an im-
portant role in the decomposing process of 
organic matter in the deeper water of Lake 
Suigetsu.
 ( b ) -2 CARBON ASSIMILATION 
  Measurement of inorganic carbon assimila-
tion in Lake Suigetsu using  "C technique 
showed that two assimilation peaks were 
present: one at the surface and another at the 
02-sulfide boundary at 7-8 m depth. The latter
was due to both photosynthesis of  Chromatium 
sp. and dark carbon fixation, probably by the 
chemosynthetic sulfur bacteria. It amounted to 
40-50% of the areal net assimilation rate of 
the lake (total rate: about 0.9 g C  m-2 day-') 
suggesting that these bacteria have a signi-
ficant role in the organic matter production in 
the lake.
 ( b ) -3 ALLOCHTHONOUS ORGANIC MATTER 
  Generally, some part of organic matter 
assimilated in the euphotic zone is subject to 
bacterial breakdown while falling in lake 
water. But the decomposition rate of organic 
matter on the lake bottom, about 0.6 g C  m' 
 day', estimated from bacterial sulfate reduc-
tion rate and red  SW,-  : CO2 ratio in the deeper 
water, is roughly comparable with the assimila-
tion rate in the upper water. This fact suggests 
that not only autochthonous organic matter but 
also allochthonous organic matter may support 
the bacterial sulfate reduction on the bottom as 
their energy source. Bacterial photosynthesis 
requires two moles of hydrogen sulfide for 
assimilation of every mole of carbon dioxide. 
In the chemosynthesis of sulfur bacteria, more 
hydrogen sulfide is necessary. Thus, for the 
bacterial production of organic matter at the 
boundary, a considerable amount of sulfide 
must be supplied. Since sulfide is entirely 
derived from bacterial sulfate reduction, the 
fact that the major part of organic matter 
production took place by these bacteria su-
ggests that there must be a considerable supply 
of organic matter from outside of the lake. 
Lake Mikata is eutrophic and contains a 
noticebale amount of suspended organic 
matter. So organic matter transported with 
inflowing water into Lake Suigetsu may be an 
important source of energy supporting the 
active bacterial sulfate reduction process on 
the bottom. Actually, measurement of turbidity 
of lake water in Lake Suigetsu revealed that 
highly turbid water probably rich in organic 
matter was entering from Lake Mikata into
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Lake Suigetsu.
 ) CHANGES IN LIMNOLOGICAL CONDITIONS 
OF LAKE SUIGETSU VIEWED FROM CHEMICAL 
ANALYSES OF SEDIMENT
erosion of the saline water by flushing with 
inflowing freshwater. Due to this balance a 
stable meromictic condition of Lake Suigetsu is 
maintained.
  In the process of sulfate reduction on the 
bottom and the formation of sulfide-bearing 
water layer, the allochthonous organic matter, 
particularly transported from Lake Mikata, 
plays the important role as a hydrogen donor 
or energy source. 
  Thus, the biological metabolism of Lake 
Suigetsu has a close connection with surround-
ing lakes having different limnological fea-
tures; an eutrophic freshwater lake and two 
coastal saline lakes.
 
(  d  ) CONCLUSIONS 
  In the deeper saline water of Lake Suigetsu, 
sulfate has an important role as an oxidant in 
the decomposition of organic matter, and 
sulfide thus formed also has a biologically 
important function as a hydrogen donor or 
energy source for bacterial photo-and chemo-
synthesis at the 02-sulfide boundary. In other 
words, the biological metabolism of Lake 
Suigetsu takes place in conjunction with the 
ongoing reduction of sulfate to sulfide and the 
oxidation of sulfide to sulfate. Unlike usual 
meromictic lakes, Lake Suigetsu receives an 
intermittent but never interrupted reflux of 
saline water containing sulfate from coastal 
lakes and this compensates for a partial
  The author wishes to express his heartfelt 
gratitude to Prefessor Yatsuka Saijo of 
Nagoya University for many helpful sug-
gestions as well as constant guidance and 
encouragement rendered during this work. 
Thanks are also due to Professor Tadashiro 
Koyama of Nagoya University for kindly 
supplying samples of sediment cores from Lake 
Suigetsu and for many valuable suggestions. 
The author is also indebted to Professor Setsuo 
Okuda of Kyoto University and to Dr. Sanae 
Unoki of the Institute of Physical and Chemical 
Research for their invaluable advices on the 
physical characteristics of Lake Suigetsu. The 
author wishes to express his thanks to Asso-
ciate Professor Mitsuru Sakamoto and to 
Associate Professor Nobuhiko Handa of 
Nagoya University for their incisive discus-
sions in the course of this work. The author 
wishes to thank Mr. Akihiko Yagi for the use 
of the atomic absorption spectrophotometer 
facilities of the Nagoya Women's College. The 
staff of the Mikata Branch of Fukui Fishery 
Experimental Station and Mr. Chozo Morishita 
were of immense assistance in carrying out the 
observations of Lake Suigetsu and its sur-
rounding area. Last but not least, thanks must
  The level of Lake Suigetsu had been 
remarkably high in the past. The completion of 
a channel between Lake Suigetsu and Kugushi 
in 1664 resulted in a lowering of the lake level 
to its present level. To know what events are 
recorded in the sediment core, chemical 
analyses were undertaken. 
  From the  "C dating of the sediment the 
sedimentasion rate can be estimated as about 
1.1 mm/year. The vertical distribution of boron 
content shows a rapid increase in the upper 
sediment above the 35 cm depth and this is 
probably due to the beginning of the mero-
mictic condition of Lake Suigetsu by reflux of 
saline water with the completion of the chan-
nel. Concordant increase of total sulfur in the 
upper sediment suggests that as soon as the 
meromictic condition was formed the deeper 
saline water became anoxic, and bacterial 
sulfate reduction has proceeded as a principal 
process of organic matter decomposition up to 
the present time.
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不完全循環湖水月湖の湖沼学的様相:そ の環境条件と物質代謝
松 山 通 郎
湖の下層に高塩分の水が停 滞 しているため上下層間に水の混合がな く,下 層は酸素 を欠 き硫化水素 を含むな ど強
い還元状態を呈 してい るいわゆる不完全循環湖は水圏での物質代謝を研究す る上 に興味深い存在 である。 この研究
はわが国の代表的 な不完全循環湖である福井県三方湖群の水 月湖においてその不完全循環状 態の動態 と維持機構,
その場における有機物の生産 と分解過程 を中心 とした物質代謝系の特性,お よび湖底堆積物 柱状試料の化学分析か
ら同湖の湖沼学的特徴の変遷 を解明するこ とを目的 とした。
この研究はは じめに水月湖の過去40年 間の観測記録 を整理 し,同 湖の淡塩2成 層状態が静的な ものでな く隣接す
る沿岸湖(久 々子湖,日 向湖)を 通 して若狭湾か ら問けつ的 に進入す る海水 と上 流の三方湖か ら流入す る淡水 との
動 的平衡関係において保たれていることを明らかに した。 とくに1934年 日向湖 と結 ぶ古 い水路の修復 に ともない 多
量の海水が進入するようになり,それまでの安定 した淡塩2成 層状態は大 きく変化 したが,や がて新 たな平衡状 態に
2成 層状態は到達 したことが明 らかに なった。
次に湖内での物質代謝に関 しこの研究はまず14C法 を用 いて炭酸固定量 を測定 し,表 層での植物 プラン ク トンに
よる光合成量に比較 して上部酸素 含有層 と下部硫化水素層の境界 での硫 黄細菌に よる光合成量あ るいは化学合成量
が匹敵す るかそれ以上 であ り,有 機物生産過程 での硫 黄細菌の重要性 を明 らかに した。一方,35Sを 用いて水中お よ
び底泥 中の硫酸還元 量を測定 し,硫 酸還元が主 に底泥表層で行 なわれていることを明らかに した。又この作用に よ
り下 層塩水中か ら多量の硫酸 イオンが還元除去 され,さ らに下 層水中の還元 された硫酸 イオンと同水中に多量に蓄
積 している全炭酸,ア ンモニ ウムイオンとの間に一定の比率:
還元SOI-:ΣCO2:NH才=1.00:2.78:0.32(モ ル比)
があ るこ とを見出 し,硫 酸還元が下 層での有機物分解の主要 な過程 であるこ とを明 らかにした。一方,こ の研究は
下層の強い還元的環 境の形成 と酸素 一硫化水素 層境界での硫 黄細菌に よる炭酸 固定作用 に相当量の硫化水素 を必要
としながら も湖内での有機物生産のみでは十分 な硫化水素 を供給す るだけの硫酸還元作用 を維持するに足 りないこ
とに着 目 し,上 流の富栄養 な三方湖か らの有機 懸濁物質の流入が有機物供給源 として重要 な役割 を果 していること
を指摘 した。
湖底堆積物柱状 試料 の化学分析は底泥表面下35cm層 か ら表面 に向 ってホウ素,全 イオウ量が顕著に増加 している
ことを示 し,こ の深 さの堆積時期は1℃ 年代測定か ら水 月湖が久々子 湖 と直接連絡す るようにな った水路の開 さ く
時(1664年)と 推定 された。 この ことか ら水路の開 さくに よって水月湖 は淡水湖か ら海水 の進入す る淡塩2成 層湖
へ移行 したこと,下 層水 中か ら酸素 が消失 し、硫化水素 を含む強 い還元状 態に変化 したこ とが明 らかになった。
これ らの ことか らこの研究は沿岸湖 との水路 の開 さ くによって生 じた水月湖の淡塩2成 層状態が湖内での有機物
の生産 と分解過程 をイオウ化合物 の酸化還元 を媒 介 として進行す る物質代謝系にか え,さ らに外部 か らの硫酸 イオ
ンを含む海水の問けつ的 であるが絶えることのない進入 と外来性有機物の流入が これ らの状態 と系の維持 に重要 な
役割 を担ってい るこ とを明 らかに した。
